Aims/hypothesis Insulin resistance (IR) improves with weight loss, but this response is heterogeneous. We hypothesised that metabolomic profiling would identify biomarkers predicting changes in IR with weight loss. Methods Targeted mass spectrometry-based profiling of 60 metabolites, plus biochemical assays of NEFA, β-hydroxybutyrate, ketones, insulin and glucose were performed in baseline and 6 month plasma samples from 500 participants who had lost ≥4 kg during Phase I of the Weight Loss Maintenance (WLM) trial. Homeostatic model assessment of insulin resistance (HOMA-IR) and change in HOMA-IR with weight loss (ΔHOMA-IR) were calculated. Principal components analysis (PCA) and mixed models adjusted for race, sex, baseline weight, and amount of weight loss were used; findings were validated in an independent cohort of patients (n=22). Results Mean weight loss was 8.67±4.28 kg; mean ΔHOMA-IR was −0.80±1.73, range −28.9 to 4.82). Baseline PCAderived factor 3 (branched chain amino acids [BCAAs] and associated catabolites) correlated with baseline HOMA-IR (r= 0.50, p < 0.0001) and independently associated with ΔHOMA-IR (p<0.0001). ΔHOMA-IR increased in a linear fashion with increasing baseline factor 3 quartiles. Amount of weight loss was only modestly correlated with ΔHOMA-IR (r=0.24). These findings were validated in the independent cohort, with a factor composed of BCAAs and related metabolites predicting ΔHOMA-IR (p=0.007). Conclusions/interpretation A cluster of metabolites comprising BCAAs and related analytes predicts improvement Electronic supplementary material The online version of this article
in HOMA-IR independent of the amount of weight lost. These results may help identify individuals most likely to benefit from moderate weight loss and elucidate novel mechanisms of IR in obesity. Insulin resistance (IR) is a core pathophysiological mechanism that develops in concert with beta cell failure to cause type 2 diabetes mellitus, a disease with enormous public health impact. Over 23 million individuals in the US and 285 million individuals globally are afflicted with this condition (International Diabetes Federation). IR and type 2 diabetes mellitus are strongly associated with increasing body weight. Indeed, the adverse health consequences of overweight/ obesity occur primarily as a result of effects on cardiovascular disease risk factors including type 2 diabetes mellitus and IR. Fortunately, these effects are reversible with weight loss in a graded fashion. In fact, one does not need to achieve a normal BMI to reap health benefits from weight loss. For example, a mean weight loss of only 5.5 kg in overweight and obese adults with insulin resistance reduced the incidence of type 2 diabetes mellitus by 58% [1] . However, the extent to which weight loss improves IR appears to be heterogeneous [2] , an observation that has not been fully explained. Molecular profiling tools may help dissect this heterogeneity, thereby identifying individuals most likely to have health benefits from weight loss, increasing our understanding of pathophysiology and potentially identifying new targets for prevention and treatment.
The Weight Loss Maintenance (WLM) Study was a randomised clinical trial that included an intensive behavioural weight loss phase followed by randomisation to one of three maintenance strategies [3] . We evaluated the heterogeneity of improvement in IR with weight loss in the WLM study. We hypothesised that metabolomic profiling would identify novel biomarkers that predict changes in IR with weight loss.
Methods

Study population
WLM clinical trial The WLM study was a multi-centre, randomised trial (clinicaltrials.gov NCT00054925) to determine the effects of two weight loss maintenance interventions compared with a usual care control group [3] . Eligibility requirements included a BMI consistent with overweight or obesity (25-45 kg/m 2 ), taking medication for hypertension and/or dyslipidaemia, and age 25 years or older. The criteria for medications for hypertension and/or dyslipidaemia was mandated by the WLM trial, to enrol patients with more established cardiovascular risk factors that could be potentially modified by weight loss. Exclusion criteria included medication-treated type 2 diabetes mellitus. In phase I of the trial, a group-based behavioural intervention was administered over 6 months to 1,685 participants enrolled in the trial (Electronic supplementary material [ESM] Fig. 1 ) [3] . At entry into phase I and at each subsequent visit, blood samples were collected from all participants via peripheral vein phlebotomy, immediately processed to separate serum and plasma, and frozen at −70°C within 1-2 h. Participants were asked to fast for 8-14 h; if they reported fasting for fewer than 8 or greater than 14 h, the visit was rescheduled. Participants able to lose at least 4 kg of weight during phase I were randomised in phase II; 1,032 study participants met this requirement. Detailed methods for variables collected in the WLM trial have been published previously [3] . Dietary intake was measured by the Block Food Frequency Questionnaire [4] , from which the Healthy Eating Index (HEI) was calculated [5] .
WLM subset used for this study From participants who were randomised in phase II (n=1,032), we randomly selected 500 participants who had blood samples available at all time points. On this subset, metabolomic profiling was performed at baseline and 6 month plasma samples, i.e. before and after phase I weight loss (ESM Fig. 1 ).
The current analysis was approved by both the Steering Committee of the WLM Collaborative Research Group and the Duke Institutional Review Board (IRB). Use of stored WLM data and samples was approved by the IRB of each WLM clinical site and the coordinating centre.
Validation cohort Significant findings in the WLM study were tested in an independent cohort of patients undergoing weight loss intervention at the New York Obesity Research Center. In this cohort, morbidly obese patients with type 2 diabetes mellitus were studied before and 1 month after gastric bypass surgery (n=12) and before and after an equivalent level of weight loss in response to a low calorie diet (n=10). Detailed methods have been described [6] . Fasting blood samples were obtained before each weight loss intervention and 1 month after gastric bypass surgery, and for the diet group, after the patients had lost approximately 10 kg, to match the weight loss observed in the gastric bypass group. Two-thirds of this cohort was on medication for diabetes prior to weight loss.
Laboratory analysis
We measured 45 acylcarnitines and 15 amino acids by tandem mass spectrometry (ESM Tables 1 and 2 ) in plasma samples, using stable isotope dilution for quantification, as previously described [7] [8] [9] . Ketones, β-hydroxybutyrate, total NEFA, glucose and insulin were measured by standard methods. Sample preparation methodology and coefficients of variation have been reported [7, 9] . The laboratory (Sarah W. Stedman Nutrition and Metabolism Center Metabolomics/Biomarker Core Laboratory) was blinded to weight loss status and all samples from both cohorts were run in two complete batches.
Statistical analysis
IR was measured by the HOMA-IR index calculation as we have done previously [10] . Baseline HOMA, 6 month HOMA and change in HOMA-IR (ΔHOMA-IR, baseline minus 6 months) were calculated, with ΔHOMA-IR as the primary outcome of interest. Mixed models with fixed effects were used to identify baseline clinical variables associated with ΔHOMA-IR, to be used as covariables for adjustment in subsequent models inclusive of metabolomic biomarkers.
Principal components analysis (PCA) was used to reduce the large number of correlated metabolites into clusters of fewer uncorrelated factors, as has been done previously [7, 9] . Metabolites with >25% '0' values (i.e. below the lower limits of quantification for that assay) were not analysed further (two acylcarnitine species). PCA was performed on baseline levels of acylcarnitines, amino acids, NEFA, ketones and β-hydroxybutyrate. Factors with eigenvalues ≥1.0 were retained and varimax rotation performed to produce interpretable factors. Metabolites having a factor load (the weight by which each standardized original metabolite was multiplied to get the component score) with an absolute value ≥0.4 were reported as composing a given factor. Scoring coefficients were used to calculate baseline metabolomic factor scores for each individual (weighted sum of the values of the standardised metabolites within that factor, weighted on the factor loading for each individual metabolite). Spearman correlation coefficients were used to assess the correlation between HOMA-IR, ΔHOMA-IR and metabolomic factors. To better understand the direction of effect of the relationship between metabolomic factors and ΔHOMA-IR, significant factors were divided into quartiles with equal numbers of individuals (i.e. n=125 in each quartile). Univariate and multivariable mixed models were used to assess the relationship between baseline metabolomic factors, HOMA-IR and ΔHOMA-IR. Paired t tests were used to assess significance of change in metabolite levels with weight loss.
As all analyses were exploratory in nature and given the co-linearity of the metabolites, two-sided p values unadjusted for multiple comparisons are presented; results interpreted in the context of a conservative Bonferroni correction are also reported. Nominal statistical significance was defined as p≤0.05. Statistical analyses were performed using SAS version 9.1 (SAS Institute, Cary NC). Table 1 presents baseline characteristics of the 1,032 WLM participants who lost at least 4 kg of weight in phase I and for the subset of 500 participants included in this study. As expected given inclusion criteria, there was a high prevalence of use of medication for hypertension and dyslipidaemia, and all participants were on at least one form of such medication. The distribution of clinical variables was similar across both groups, reflecting random sampling. In the subset of 500 WLM participants detailed in this study, the mean weight loss was 8.67±4.28 kg and mean ΔHOMA was −0.80±1.73, with a range of −28.9 to 4.82. Although there was modest correlation between the amount of weight lost and ΔHOMA-IR (r=0.24, p< 0.0001), there was heterogeneity both in the amount of weight lost and the ΔHOMA-IR over the corresponding 6 month period (Fig. 1 ). For example, one participant lost 22.2 kg and had an improvement in HOMA of 6.64, whereas another participant who lost a greater amount of weight (28.2 kg) had only a minimal improvement in HOMA (0.66). A third participant had no change in IR (ΔHOMA=0.06) despite 18 kg of weight lost. In fact, 22% of study participants had no improvement in HOMA-IR. Similar heterogeneity was observed for per cent weight loss with per cent change in HOMA-IR. These results suggest that improvement in IR was neither solely nor primarily related to the amount of weight lost.
Results
Clinical model for ΔHOMA-IR
Several clinical characteristics were associated with ΔHOMA-IR in univariate analyses (Table 2 ). However, in multivariable analyses, only sex, education, income, baseline weight, amount of weight lost and the HEI remained independently associated with ΔHOMA-IR. Therefore, these variables were used for adjustment in subsequent analyses of the relationship between metabolomic factors and ΔHOMA-IR.
Metabolomic predictors of ΔHOMA-IR
PCA identified 13 factors composed of correlated metabolites (Table 3) , with metabolites clustered within factors in biologically plausible pathways and consistent with previous findings [7-9, 11, 12] . Two factors were associated with ΔHOMA-IR in univariate analyses (factor 3 [branched-chain amino acids (BCAAs) and related catabolites] and factor 10 [amino acids], Table 4 ). In multivariable analyses, only factor 3 remained associated with ΔHOMA-IR. After correction for multiple comparisons at the level of factors, factor 3 remained significant (Bonferroni corrected p<0.004) and therefore we chose to focus on this factor, composed of BCAAs and related metabolites (BCAA factor), for the remainder of the analyses. Baseline BCAA factor levels were correlated with baseline HOMA-IR (r=0.50, p<0.0001), 6 month HOMA-IR (r= 0.28, p<0.0001) and ΔHOMA-IR (r=−0.38, p<0.0001). When baseline BCAA factor levels were divided into quartiles, there was a linear relationship of HOMA-IR measures across BCAA factor quartiles ( Table 5 ), such that the greater the BCAA factor level at baseline, the greater the improvement in IR with weight loss. The clinical model explained 5.5% of variability in ΔHOMA-IR and the model inclusive of baseline BCAA factor levels and clinical variables explained 10.8% of the variance in ΔHOMA-IR.
In the New York validation cohort, in the combined gastric bypass surgery and matched diet groups, PCA also identified a factor composed of the branched chain and other amino acids (leucine/isoleucine, phenylalanine, tyrosine, alanine, ornithine), In the validation cohort, the BCAA factor, but not weight loss, also predicted ΔHOMA-IR (p=0.02) for both groups, and after adjusting for group (diet vs gastric bypass surgery) (p=0.007).
Relationship between BCAA intake, BCAA factor levels and IR BCAAs are found in dietary proteins; hence, differences in baseline peripheral blood BCAA levels (and subsequent improvement in IR with weight loss) could be reflective of differences in dietary BCAA intake. In an exploratory fashion, we therefore examined reported baseline and 6 month intake of dietary BCAA. BCAA intake was defined as a sum of dietary valine, leucine and isoleucine intake and peripheral blood BCAA levels were defined as a sum of peripheral blood valine and leucine/isoleucine levels. BCAA intake was weakly correlated with blood BCAA levels at baseline (r=0.14, p=0.003) and at 6 months (r=0.14, p=0.002). Change in BCAA intake over the 6 months was not correlated with change in blood BCAA levels over that time period (r=0.04, p=0.39). Baseline BCAA intake was weakly correlated with ΔHOMA-IR (r=−0.14, p=0.002) and change in BCAA intake was not correlated with ΔHOMA-IR (r=−0.01, p= 0.82). These data, although exploratory, suggest that dietary BCAA intake accounts only for a small portion of peripheral blood BCAA levels and their change during weight loss.
Change in BCAAs with weight loss
Our previous work in a small cohort has shown that BCAA levels decrease with weight loss [13] . We found similar results in this larger cohort. Specifically, the BCAAs valine and leucine/isoleucine decreased significantly with weight loss (p=0.005 and p<0.0001, respectively), as did the aromatic amino acids phenylalanine and tyrosine (p=0.002 and p<0.0001, respectively). Values are mean ± SD a PCA-derived factor consisting of the BCAAs valine, leucine and isoleucine; the aromatic amino acids phenylalanine and tyrosine; and other amino acids (alanine, proline, methionine, glutamate/glutamine and ornithine)
Discussion
In this sub-study of the WLM trial, we have used targeted metabolomic profiling to identify a biosignature reporting on BCAA metabolism that is associated with IR in nondiabetic overweight/obese individuals and, more importantly, predicts improvement in IR with moderate weight loss independent of the amount of weight lost. In fact, in our study, the amount of weight lost was only modestly correlated with the degree of improvement in IR. To our knowledge, this is the first biomarker that has been identified for predicting health benefits in the context of weight loss, thereby helping to dissect the known clinical heterogeneity of these benefits. These results could help identify individuals who would more likely benefit from moderate weight loss and potentially elucidate novel mechanisms of IR in obese individuals.
BCAAs comprise approximately 40% of the free essential amino acids in blood. They play important roles in maintenance and growth of skeletal muscle, are used as an energy source during exercise, and can serve as gluconeogenic precursors. Increased BCAA catabolism, driven by higher levels of these analytes in the blood, may explain the higher levels of glutamate, alanine and proline that comprise factor 3 (see Fig. 2 ). Further, the BCAAs share a competitive transport system with the aromatic amino acids, thereby potentially explaining the clustering of phenylalanine and tyrosine in this factor [14] , not only in the current study but in several other reports from our group [7-9, 11, 12] . In a previous report, C3 and C5 acylcarnitines, by-products of mitochondrial catabolism of BCAAs, also contributed to a BCAA-related factor in obese humans [7] . In the current report, C3 and C5 acylcarnitines did not quite reach the a priori defined threshold factor load of 0.40 to be included as a contributor to factor 3, but did have moderately high factor loads (0.34 and 0.33, respectively), further corroborating the analytical and biological clustering of these metabolites in this factor. In fact, C3, C4 and C5 acylcarnitines also grouped as an independent factor (factor 8, short chain acylcarnitines), which nearly reached a significant association with ΔHOMA-IR (unadjusted p=0.08).
These results are particularly provocative in light of our previous studies implicating BCAAs in IR. We have shown that a similar cluster of BCAAs and related catabolites distinguishes lean from obese individuals and is associated with IR [7] . These results were validated in an independent cross-sectional study of individuals at risk for type 2 diabetes mellitus undergoing a frequently sampled intravenous glucose tolerance test [11] . In a third study involving application of metabolomics to participants with and without coronary artery disease (CAD), we found that a PCA-derived BCAA factor was associated with CAD [8] .
In a fourth study, we found that BCAAs and related metabolites differentiated insulin resistant from insulin sensitive participants in Chinese and Asian-Indian cohorts, each matched for BMI (BMI of 24) [12] . Finally, Shaham and associates have reported that BCAAs are among a cluster of metabolites that change more significantly in insulin resistant vs normal participants during a glucose tolerance test [15] .
More recently, we have reported on changes in metabolites occurring in response to bariatric surgery or dietary intervention [13] . We found that the intervention with the more robust impact on glucose homeostasis, bariatric surgery, also has the stronger impact on lowering circulating levels of BCAAs and related metabolites. Unlike the present study, that observational study did not attempt to use baseline BCAA levels to predict improvement in insulin resistance in response to a dietary weight loss intervention. Another recent observational study found that a cluster of BCAAs and aromatic amino acids predicts development of type 2 diabetes up to 12 years in advance [16] . Finally, another recent study performed in Zucker obese rats treated with four thiazolidinedione (TZD) drugs demonstrates a strong and unique association between the relative efficacy of the drugs for glycaemic control and regulation of a panel of genes encoding enzymes in the BCAA catabolic pathway in adipose tissue [17] . The same group has also demonstrated a strong correlation between BCAA catabolic genes, insulin resistance and TZD action in humans [18] . The current study adds to this exciting new information by demonstrating for the first time that baseline levels of BCAAs and related metabolites can predict the outcome of a therapeutic intervention.
The clinical and biological implications of our results are as follows. While HOMA-IR is a strong marker of insulin resistance, it is not used clinically and remains primarily an epidemiological research tool. As such, in this era of the pursuit of personalised medicine, there is a need to identify novel biomarkers that could help guide intervention strategies in obesity. Our results suggest that BCAA factor levels could help identify those patients who would benefit the most from the moderate weight loss incurred through behavioural interventions, and thus demonstrate for the first time that a blood-borne biomarker could be used for tailoring of such therapies. Importantly, BCAAs and related metabolites were unique among a much larger and more diverse set of metabolites evaluated in predicting change in HOMA-IR, and therefore suggest a potential mechanism for the heterogeneity in health benefits obtained from weight loss.
Our previous work has shown that BCAAs and related metabolites are elevated in insulin resistant vs insulin sensitive participants with an average BMI of 24 kg/m 2 , despite equal rates of protein intake [12] . No differences in protein intake were found in the longitudinal study of diabetic vs non-diabetic participants in the Framingham cohort, despite higher levels of BCAAs and aromatic amino acids in the former group [16] , and in this study we found that dietary BCAA intake is only weakly correlated with blood BCAA levels. On the other hand, higher BCAA levels were found in obese and insulin resistant participants compared with lean and insulin sensitive participants in our prior case/control study and this difference was associated with a higher rate of protein intake in the former group [7] . We have also shown that supplementation of high-fat diets with BCAAs causes a rise in circulating BCAAs and related metabolites and contributes to IR in rats [7] . Thus, diet remains as a potential contributor to the increase in BCAAs in insulin resistant individuals. However, other factors can clearly contribute; for example, it has recently been shown both in rodent models and humans that obesity-related increases in BCAA levels are associated with reduced activities of key BCAA catabolic enzymes in liver and adipose tissue [19, 20] , suggesting one mechanism by which BCAA levels could rise in the blood of obese and insulin resistant participants. Rates of protein turnover could contribute as well, and further studies are required to fully understand changes in flux through contributory pathways leading to a highly replicable signature of elevated BCAAs and related metabolites in insulin resistant states. Differences in BCAA levels could also be due to genetic differences in genes regulating the BCAA catabolic pathway, supported by our work showing that BCAA levels are highly heritable in human families burdened with early-onset cardiovascular disease [9] . Overall, our results suggest that inter-individual differences in the BCAA catabolic pathway may contribute to the heterogeneity of improvement in insulin resistance with weight loss.
This study is the largest to use high-throughput metabolomic profiling to understand health benefits occurring as a result of weight loss. A large, well-characterised clinical trial population with serial blood samples and food intake data, in combination with application of targeted metabolomic profiling, facilitated our identification of this biosignature, and has given us insights into possible mechanisms of disease pathology. The WLM population consisted of non-diabetic individuals, and hence these results have implications for understanding IR in the absence of overt type 2 diabetes mellitus. Importantly, the signature also predicts improvements in insulin sensitivity in response to diet-and gastric bypass-induced weight loss in participants with type 2 diabetes mellitus, as shown in the New York validation cohort.
Our study does have limitations. All participants from the primary cohort underwent behavioural intervention for weight loss, and thus, we cannot make definitive conclusions about the generalisability of these results to other weight loss interventions. However, our results were confirmed in a small validation cohort of bariatric surgery and caloric restriction participants. Baseline factor 3 levels were strongly associated with ΔHOMA-IR in a multivariable model. However, given the strong co-linearity of baseline factor 3 levels with baseline HOMA-IR (r=0.50, p<0.0001), consistent with our previous work showing that BCAA levels are highly correlated with IR, the independent relationship between baseline factor 3 levels and ΔHOMA-IR is attenuated, although still significant, in a model adjusted for amount of weight lost and baseline HOMA (p=0.01). This relationship is attenuated further in the full model inclusive of clinical variables and baseline HOMA (p=0.07), which is most likely due to a decrease in power because of a loss of nine individuals missing data for one of the clinical variables. Regardless, this biosignature serves as a unique biomarker capable of identifying individuals incurring the greatest health benefits from moderate weight loss even after accounting for routinely collected clinical variables, and elucidates a biological mechanism for this heterogeneity of effect.
Although HOMA-IR is a commonly used epidemiological tool for assessment of IR and β-cell function, and has been shown to correlate with more complicated and costly 'gold standard' measures of IR (i.e. euglycaemic-hyperinsulinaemic clamp), it may not perform as well in certain subgroups [21] . Medications could influence metabolite levels and confound the relationship between the BCAA levels and prediction of improvement in insulin resistance. However, we found no difference in the use of dyslipidaemia or anti-hypertensive medications within the BCAA factor quartiles outlined in Table 5 (p=0.33 for medications for dyslipidaemia, p=0.37 for statins, p=0.73 for anti-hypertension medications). Finally, the full model including clinical characteristics and BCAA factor levels only explains 10.8% of variance in ΔHOMA-IR; thus, other yet to be defined variables must contribute to the heterogeneity of changes in IR occurring with moderate weight loss. In addition, it is important to note that we are not recommending the use of BCAA markers in clinical practice at this time. The ultimate clinical utility of this biomarker will depend on further validation and deeper understanding of its pathophysiological and predictive roles.
In conclusion, a metabolite signature representing BCAA catabolism is correlated with IR and predicts improvement in IR with moderate weight loss, independent of the amount of weight lost. These results may help identify individuals most likely to benefit from moderate weight loss and elucidate novel mechanisms of IR in obesity.
